The addition of the Ca2+ ionophore A23187 to rabbit neutrophils stimulated ["4Clarachidonic acid incorporation into phosphatidylinositol and lysosomal enzyme secretion. A significant increase in phosphatidylinositol labelling was observed after a 2min exposure to 0.1,uM-ionophore A23187. Maximum increases in rate of labelling were obtained with l1uM-ionophore A23187 within min, declining to basal rates after 15min. Similarly, maximum rate of enzyme release occurred during the first 2min of exposure to ionophore and release was essentially complete by 15min. Threshold and peak ionophore A23187 concentrations for stimulating both processes were identical. In contrast with the specificity of phosphatidylinositol labelling induced by 1 uM-ionophore A23187 in the absence of cytochalasin B, ionophore also significantly stimulated labelling of phosphatidylserine and phosphatidylethanolamine in the presence of cytochalasin B. With a threshold ionophore concentration (0.1 M), the the increase in phosphatidylinositol labelling with these latter precursors was generally slower in onset and much more modest in magnitude than that observed with arachidonic acid. These results support the hypothesis that a Ca2+-dependent phospholipase, which acts on the arachidonate moiety of phosphatidylinositol, is responsible for initiating at least certain of the membrane events coupled to the release of secretory product from the neutrophil.
The addition of the Ca2+ ionophore A23187 to rabbit neutrophils stimulated ["4Clarachidonic acid incorporation into phosphatidylinositol and lysosomal enzyme secretion. A significant increase in phosphatidylinositol labelling was observed after a 2min exposure to 0.1,uM-ionophore A23187. Maximum increases in rate of labelling were obtained with l1uM-ionophore A23187 within min, declining to basal rates after 15min. Similarly, maximum rate of enzyme release occurred during the first 2min of exposure to ionophore and release was essentially complete by 15min. Threshold and peak ionophore A23187 concentrations for stimulating both processes were identical. In contrast with the specificity of phosphatidylinositol labelling induced by 1 uM-ionophore A23187 in the absence of cytochalasin B, ionophore also significantly stimulated labelling of phosphatidylserine and phosphatidylethanolamine in the presence of cytochalasin B. With a threshold ionophore concentration (0.1 M), the enhanced incorporation of arachidonate was relatively specific for phosphatidylinositol in cytochalasin-treated cells. Ionophore A23187 did not accelerate labelling of phosphatidylinositol by ['4C] the increase in phosphatidylinositol labelling with these latter precursors was generally slower in onset and much more modest in magnitude than that observed with arachidonic acid. These results support the hypothesis that a Ca2+-dependent phospholipase, which acts on the arachidonate moiety of phosphatidylinositol, is responsible for initiating at least certain of the membrane events coupled to the release of secretory product from the neutrophil.
The growing awareness of the potential importance of arachidonic acid and prostaglandins in cellular function provides a new dimension toward elucidating the molecular mechanism by which Ca2+ exerts its key regulatory role as an obligatory modulator of the secretory process. Arachidonic acid turnover and prostaglandin synthesis are intimately linked to the actions of Ca2+ as revealed by the fact that Ca2+ is required for the activation of phospholipase A2, which cleaves arachidonic acid from position-2 of phospholipids, thereby providing the substrate for prostaglandin synthesis (Vogt, 1978) . This effect of Ca2+ would account for the findings that Ca2+-deprivation blocks and the Ca2+ ionophore A23187 stimulates prostaglandin synthesis in several secretory tissues, including the Abbreviations used: fMet, formylmethionyl. * To whom reprint requests should be addressed.
Vol. 194 adrenal cortex, blood platelet and neutrophil (Laychock et al., 1977; Knapp et al., 1977; Wentzell & Epand, 1978) . The stimulation of phospholipase A2 not only leads to the liberation of arachidonic acid and the resulting increase in prostaglandin formation, which may participate in the events associated with exocytotic release, but phospholipids serving as the source of arachidonic acid are converted into lysophospholipids, which may have intracellular actions of their own. Moreover, since lysophospholipids are potentially cytotoxic (Bigon et al., 1979; Mookerjea, 1979) , cellular mechanisms must exist for preventing these substances from rising to concentrations detrimental to the cell.
Lands and his associates first provided evidence for the existence of an acyl-CoA transferase that catalyses the reacylation of lysophospholipid to its corresponding phospholipid; these investigators proposed that the deacylation-reacylation sequence of phospholipid turnover plays a critical role in the biochemical events associated with cell-membrane perturbations during activation (see Lands & Crawford, 1976) . Studies from our own laboratory have provided support for this theory in secretory organs by demonstrating the stimulation of (arachidonyl) phosphatidylinositol turnover in isolated cat adrenocortical cells by corticotropin and in rabbit neutrophils by the synthetic chemotactic peptide fMet-Leu-Phe . The turnover of phosphatidylinositol in these two secretory systems was quantitatively and temporally correlated with secretory activity. The key role of Ca2+ in this specific sequence is underscored by the Ca2+ requirement for corticotropin-and fMet-Leu-Phe-induced stimulation of (arachidonyl) phosphatidylinositol turnover and by the finding that ionophore A23187, which promotes Ca2+ transport across cell membranes, elicited an even greater enhancement of arachidonic acid incorporation into phosphatidylinositol in adrenocortical cells than did corticotropin . In the present paper, we show that ionophore A23187 is also capable of producing a very rapid and powerful stimulation of arachidonic acid incorporation into phosphatidylinositol in rabbit neutrophils, which is independent of synthesis of phospholipid de novo.
Materials and methods

Materials
The following radiolabelled materials were pur- chloroform/methanol (1:2, v/v) , and the phospholipids were extracted and separated by two-dimensional t.l.c. as previously described stopped by immersing the tubes on ice. N-Acetylglucosaminidase activity was monitored by a spectrophotometric method previously described (Table 1) . Analysis of the time course of ionophore A23187-induced arachidonic acid labelling of phospholipids revealed that the greatest increment in phosphatidylinositol labelling (9-10-fold) occurred during the first minute of exposure to 1pM-ionophore A23187, whether the values were represented in terms of absolute radioactivity counts (Fig. 2) or as a percentage of values derived from control cells (Fig. 3) . Utilizing the data depicted in Fig. 2 lonophore A23187-induced phosphatidylinositol turnover the addition of 1 pM-ionophore A23187, did not reach values comparable with those observed with label incorporation into phosphatidylinositol (Fig.  3) . By contrast, ionophore A23187 produced a significant decrease in label incorporation into phosphatidylcholine after 15 and 30min (Fig. 3) . Fig. 4 depicts the temporal profile of ionophore A23187-induced lysosomal enzyme release. The onset of secretion coincided with the onset of arachidonic acid incorporation (cf. Figs. 3 and 4) , with the maximal rate of enzyme release (8.8%/min) occurring during the first 2 min. By contrast, ionophore A23187 (1 pM) failed to promote the release of the cytoplasmic enzyme lactate dehydrogenase (results not shown). The secretory rate of lysosomal enzyme release fell to 1.88%/min between 2 and 15min, and after 15min secretion was essentially complete (Fig. 4) Fig. 1 . The correlation between the two responses is striking. Threshold and peak concentrations of ionophore A23187 were identical for both processes such that the dose-response curves were virtually superimposable over a 50-fold range of ionophore concentrations.
Incorporation ofother phospholipid precursors
Palmitic acid, the saturated fatty acid that preferentially attaches to C-I of glycerophospholipids, incorporates into phosphatidylinositol to a lesser extent than does arachidonic acid . lonophore A23187 (0.1pM), which exhibited relative-selectivity in promoting arachidonic acid incorporation into phosphatidylinositol (Table 1) , failed to stimulate palmitate labelling of phosphatidylinositol. Thus palmitate incorporation into phosphatidylinositol was 92(±7) and 84(±7)% of control values after 1 and 2 min exposures respectively to O.1,uM-ionophore A23187. However, after 15min the increment in labelling rose to 218(±28)% of control values. None of the other phospholipids exhibited significant alterations in label incorporation elicited by ionophore over a 15min period. Increasing the ionophore concentration to 1 UM produced a significant increase (42%) in palmitate incorporation into phosphatidylinositol within 1 min, an increase that continued to develop over the 15 min period of incubation (Fig. 5) . Palmitate incorporation-into phosphatidylcholine was also enhanced after min (313% of control), thereafter falling to 89% above basal values after 15min. The incorporation of ['4C]palmitate into phosphatidylserine was slightly higher during the early stages of ionophore action, although not statistically significant (Fig. 5) to ionophore A23187 incorporated less palmitate into phosphatidylethanolamine over the 15 min interval, although only during the 1 min time period was the decrease (29%) statistically significant (P < 0.05).
lonophore A23187 (1UM) increased [P2PIP incorporation into phosphatidylinositol, as well as phosphatidylcholine and phosphatidylserine, by approx. 50% after 2 min (Fig. 6 ). Owing to experimental variability, the increase in labelling of the phosphatidylinositol fraction was not statistically significant after 2 min, although the 129 and 176% increases in [32PIP, incorporation observed after 10 and 30min respectively were significant. The 33% increase in [32PIP, incorporation into phosphatidylserine after 10min was also statistically significant, but no other significant changes in phospholipid labelling were detected (Fig. 6) .
To evaluate the effects of ionophore A23187 on phospholipid synthesis de novo, [4CIglycerol and [14C]acetate were also employed as precursors.
Glycerol rapidly and selectively incorporated into phosphatidylinositol; after 2 min phosphatidylinositol accounted for 87(±3)% of the total label (n = 5).
However, ionophore A23187 failed to stimulate the conversion of glycerol into phosphatidylinositol, but in fact appeared to decrease it. Thus the radioactivity in phosphatidylinositol after a 2min incubation in the absence and presence of luM-ionophore A23187 
Discussion
In a recent study using the formylmethionylcontaining peptide fMet-Leu-Phe to stimulate rabbit neutrophils, we demonstrated that a close correlation exists between the ability of the peptide to enhance arachidonic acid incorporation into phosphatidylinositol and to promote lysosomal enzyme secretion . A key role for Ca2+ in this sequence was disclosed by the finding that Ca2+ deprivation blocked both processes. The present investigation provides additional support for the intimate involvement of Ca2+ in these two processes by demonstrating that the Ca2+ ionophore A23187, a non-phagocytic secretagogue, also markedly enhanced (arachidonyl)phosphatidylinositol turnover, eliciting almost a 10-fold increase in phosphatidylinositol labelling within 1 min. Moreover, a close quantitative and temporal correlation emerged between ionophore A23187-evoked phosphatidylinositol labelling and enzyme release, implying that the two processes are closely linked.
Although it is true that ionophore A23187 elicited other alterations in phospholipid turnover, the effect on (arachidonyl) phosphatidylinositol is deemed the most significant for the following reasons. (a) With threshold ionophore concentrations the enhanced incorporation of arachidonate was relatively specific for phosphatidylinositol, although a small increase in label incorporation into phosphatidylserine was also lonophore A23187-induced phosphatidylinositol turnover noted. (b) With a maximal stimulating concentration of ionophore A23187 (1lpM), a very rapid and powerful enhancement of (arachidonyl) phosphatidylinositol turnover was demonstrable, whereas lesser increases in stimulated arachidonate incorporation into other phospholipids were also observed. Moreover, neutrophils not treated with cytochalasin B manifested a specificity for phosphatidylinositol even when challenged with 1,UMionophore A23187. (c) Finally, and most importantly, the marked correlation between the doseresponse curves of phosphatidylinositol labelling and lysosomal enzyme secretion over a broad range of ionophore concentrations also signifies that the turnover of phosphatidylinositol plays a principal role in membrane function associated with secretory activity. It should also be noted that (arachidonyl) phosphatidylinositol turnover and lysosomal enzyme release also increased in parallel when fMet-Leu-Phe was employed as the stimulating agent , indicating that receptor-active agents also utilize this same general Ca2+-dependent pathway. However, we cannot as yet determine whether the selective perturbations in phospholipid metabolism described here are a reflection of membrane permeability changes coincident with Ca2+ flux or of fusion of granule membranes with plasma membranes (exocytosis).
Arguments have previously been offered for interpreting the enhanced incorporation of arachidonate into phosphatidylinositol on the basis of a deacylation-reacylation sequence triggered by the activation of a Ca2+-dependent phospholipase A2 Schrey et al., 1980; Rubin et al., 1980) . The present investigation has clearly shown that this biochemical sequence of reactions can be activated in the neutrophil, as in the adrenal cortex , simply by increasing 'free' or available Ca2+. Although the ability of ionophore A23187 to stimulate neutrophil phospholipase A2 was not directly assessed here, there is abundant evidence from other test systems that ionophore A23187 is capable of stimulating phospholipase A2 activity (Pickett et al., 1977; Forstermann & Hertting, 1979; Vanderhoek & Feinstein, 1979; Zenser et al., 1980) . In neutrophils the ionophore increases the formation of cyclo-oxygenase and lipoxygenase products (prostaglandins and dihydroxy acids) from arachidonic acid (Wentzell & Epand, 1978; Borgeat & Samuelsson, 1979; Stenson & Parker, 1979) , presumably by stimulating the existing membrane-bound phospholipase A2 (Franson et al., 1974) . Moreover, a correlation between Ca2+ availability and phospholipid turnover was demonstrated by the findings that cytochalasin B, which markedly potentiated the action of ionophore A23187 on arachidonic acid incorporation into phosphatidylinositol, also augments ionophore A23187-induced 45Ca2+ uptake into neutrophils (Naccache et al., 1977) . Thus these data taken together suggest that ionophore A23187 activates neutrophil phospholipase A2 by causing the mobilization of Ca2+ to the enzyme site on the plasma membrane. The stimulation of phospholipase A2 leads to the release of arachidonic acid, which provides the substrate precursor for the formation of prostaglandins and/or other metabolites. Lysophospholipids, also formed as a consequence of the deacylation of phospholipids, have putative cellular functions, including the regulation of adenylate and guanylate cyclase (Shier et al., 1976; Aunis et al., 1978) and of membrane-fusion reactions (Poole et al., 1970) . But lysophospholipids must be rapidly reacylated because of their cytotoxic potential (Bigon et al., 1979; Mookerjea, 1979) . Acyl-CoA-phospholipid acyltransferase, which has been identified in rabbit neutrophils (Elsbach, 1966) , possesses a selectivity that promotes a rapid incorporation of unsaturated fatty acids into specific membrane phospholipids (Lands & Crawford, 1976) ; and membranes enriched in unsaturated phospholipids manifest enhanced fluidity leading to alterations in their surface properties, among which include permeability (Lands, 1980) . But whatever the sequellae, it is the activation of acyl chains of membrane phospholipids, triggered by the Ca2+-induced stimulation of phospholipase A2, that plays a pivotal role in the proposed events associated with secretion.
Although the experiments employing [14Clacetate and ['4C ]glycerol as precursors indicate that ionophore A23187 did not stimulate phosphatidylinositol synthesis do novo during the course of this study, one cannot discount the findings that ionophore also enhanced the incorporation of other phospholipid precursors into phosphatidylinositol, particularly when a maximal stimulating concentration was used. This indicates that the actions of ionophore A23 187 on the enzymes that alter fatty-acid content of membrane phospholipids become less selective at higher ionophore concentrations. Thus, luM-ionophore A23187 was also capable of promoting the incorporation of palmitic acid into phosphatidylinositol, as well as phosphatidylcholine, although with regard to phosphatidylinositol, palmitate incorporation was generally slower in onset and much more modest in magnitude than arachidonate incorporation. The likelihood that the ionophore A23 187-induced palmitate turnover in neutrophils represents the',action of phospholipase Al rests with the strong preflarence for palmitate at the 1-position of phospholipids (Hill & Lands, 1979) and from the findings that this enzyme partially purified from brain (Rooke & Webster, 1976) and identified in plasma membrane from liver (Newkirk & Waite, 1971 ) is Ca2+
Vol. 194 sensitive. Moreover, the marked preference of palmitate for neutrophil phosphatidylcholine resembles the substrate specificity exhibited by rat brain phospholipase A1 (Gatt, 1968) . It is noteworthy, however, that there are species of phospholipase Al that are either unaffected or inhibited by Ca2+ (McMurray & Magee, 1972) and possess selectivity towards phosphatidylethanolamine (Rooke & Webster, 1976) . Nevertheless, on the existing evidence, it appears that ionophore A23 187 concentrations that are capable of maximally stimulating phospholipase A2 are also capable of activating phospholipase Al. On the other hand, it is arguable whether substrate specificity for the reverse reaction involving acyl-CoA-phospholipid acyltransferase could also account for the findings with palmitate (Lands & Crawford, 1976; Irvine & Dawson, 1979) .
Stimulation by l1uM-ionophore A23187 was also accompanied by a relatively modest and slowly developing increase in the rate of [32p]p; incorporation into phosphatidylinositol, as well as into phosphatidylcholine and phosphatidylserine. These data confirm previous reports delineating the Ca2+_ dependence of this reaction in rabbit neutrophils, as assessed by fMet-Leu-Phe-induced turnover of
[32p]p; in phosphatidylinositol (Cockcroft et al., 1980) . The Ca2+-dependent [32p]p1 turnover in rabbit neutrophils, which seems to be an exception rather than the rule in secretory cells (see Cockcroft et al., 1980) , appears to cast doubt on any unitary theory formulated to develop a simple causal relationship between stimulated [32Plphosphatidyl-inositol turnover, activation of Ca2+ channels and secretory activity (Michell, 1975) . Finally, it should be noted that, although there was no hard evidence favouring phosphatidylinositol synthesis de novo during ionophore A23187 action, the conversion of glycerol into phosphatidylserine was apparently accelerated; this suggests that at least a portion of the enhanced incorporation of precursors, including arachidonic acid in this phospholipid, might be explained on the basis of synthesis de novo rather than the turnover of a fatty acid or a polar head group.
In conclusion, our current and previous investigations have provided compelling evidence that a deacylating-reacylating mechanism that acts on a single fatty acid moiety (arachidonate) of phosphatidylinositol appears to be responsible for initiating at least certain of the membrane events coupled to the release of secretory product from the cell. This mechanism has been amply demonstrated not only in the neutrophil but in the steroid-secreting cells of the adrenal cortex . It is also most relevant to cite here a recent study that has revealed that arachidonic acid and/or its metabolites may be involved in the mechanisms regulating Ca2+ permeability in the neutrophil (Volpi et al., 1980) . These findings prompt speculation that Ca2+ not only plays a pivotal role in arachidonate metabolism as expressed through its regulation of phospholipase A2 activity, but that arachidonate or its metabolites, in turn, participates in a feedback mechanism to mediate changes in Ca2+ turnover. Such speculation implies the existence of multiple Ca2+ pools involved in stimulus-secretion coupling in the neutrophil. Thus it is anticipated that a better understanding of the functional role of arachidonic acid turnover in secretory tissues will provide insight into the mechanism by which Ca2+ enters the cell and perhaps even into the mechanism by which this cation elicits secretion.
